The proliferation and patterning of progenitor cells in the anterior pituitary require signals derived from the neuroepithelium of the juxtaposed infundibulum. The infundibulum expresses Fibroblast growth factor (Fgf ) 8 and Fgf 18, and FGFs can mimic some of the activities of the infundibulum. The requirement for FGF signaling during growth and patterning of the anterior pituitary has not, however, been established. By blocking FGF receptor signaling in explants of the anterior pituitary cultured in vitro we provide evidence that FGF signaling derived from the infundibulum is required for the proliferation and patterning of progenitor cells in the anterior pituitary. q
Introduction
The pituitary gland is a composite organ with a dual embryonic origin. The posterior pituitary is derived from the infundibulum, an evagination of the ventral diencephalon whereas the anterior pituitary primordium, the Rathke's pouch, develops as an invagination of the oral roof ectoderm underlying the infundibulum (Kusakabe et al., 1984;  reviewed in . The posterior pituitary consists mainly of nerve terminals from neurosecretory cells in the hypothalamus whereas the anterior pituitary is composed of seven different hormone producing cell types which are generated in a precise temporal and spatial order Japon et al., 1994) .
The initial development of the Rathke's pouch appears to depend, at least in part, on signals derived from the ventral diencephalon/infundibulum (Watanabe, 1982a,b; Daikoku et al., 1982; Takuma et al., 1998; Kioussi et al., 1999; reviewed in Sheng and Westphal, 1999) . In the mouse, the neuroectoderm which will form the infundibulum and overlays the presumptive Rathke's pouch expresses Bone morphogenetic protein 4 (Bmp4) (Jones et al., 1991; Heikinheimo et al., 1994) and BMP signaling is required for the initial formation of Rathke's pouch (Takuma et al., 1998) . BMPs appear also to promote the generation of ventral cell types in the developing anterior pituitary (Ericson et al., 1998) .
The infundibulum also expresses ®broblast growth factor (Fgf) 8 and Fgf 18 (Heikinheimo et al., 1994; Crossley and Martin, 1995; Maruoka et al., 1998; Ohbayashi et al., 1998) . Fgf8-de®cient mice die during gastrulation (Meyers et al., 1998 ) and Rathke's pouch is eliminated by apoptosis in mutant mice that fail to express the ®broblast growth factor receptor 2 (Fgfr2) IIIb isoform (De Moerlooze et al., 2000) . A similar phenotype is observed in Nkx2.1 (T/ebp) null mutants in which the ventral diencephalon expresses Bmp4 but not Fgf8 (Kimura et al., 1996) . Thus, FGF promotes the initial growth and survival of cells in Rathke's pouch. These studies have not, however, addressed the role of FGF signaling in the growth and differentiation of cells in the developing anterior pituitary.
In vitro studies have provided evidence that at stages when the infundibulum expresses FGFs, it can block the generation of ventral cell types and promote the generation of proliferating dorsal progenitor cells in the anterior pituitary and that these effects can, at least in part, be mimicked by FGFs (Ericson et al., 1998; Treier et al., 1998) . However, it remains to be established whether FGF signaling is required for these later aspects of pituitary development. To examine the requirement of FGF signaling during growth and patterning of the anterior pituitary we used the FGF receptor antagonist SU5402, which inhibits the tyrosine kinase activity of FGF receptors (Mohammadi et al., 1997; Muhr et al., 1999; Rodriguez Esteban et al., 1999; Schneider et al., 1999) , to block FGF signaling in explants of the pituitary cultured in vitro. These experiments provide evidence that FGFs derived from the infundibulum are required for the patterning and growth of the anterior pituitary.
Results

FGF signaling is required for the proliferation and speci®cation of progenitor cells in the anterior pituitary
Genetic evidence in the mouse have so far failed to establish a requirement for FGF signaling in the patterning and differentiation of progenitor cells in the anterior pituitary (Meyers et al., 1998; De Moerlooze et al., 2000) . We therefore tested whether the FGF receptor inhibitor SU5402 (Mohammadi et al., 1997; Muhr et al., 1999; Rodriguez Esteban et al., 1999; Schneider et al., 1999) could inhibit the effect of the infundibulum on the patterning and differentiation of progenitor cells in the anterior pituitary cultured in vitro as explants.
The LIM homeobox gene Isl1 (Thor et al., 1991; Ericson et al., 1992) is initially expressed by most progenitor cells in Rathke's pouch. By E12.5, Isl1 is expressed in ventral cells that express a GSU (Japon et al., 1994) and subsequently differentiate into mature thyrotrophs (Ericson et al., 1998 ; see also Fig. 3A,B) . Corticotrophs that secrete adrenocorticotropin (ACTH) (Ikeda and Yoshimoto, 1991; Watanabe, 1982b) are also generated in the ventral anterior pituitary in a region just dorsal to the thyrotrophs (Ericson et al., 1998 ; see also Fig. 3C ). The spatially restricted differentiation of Isl1 1 /a GSU 1 prospective thyrotrophs and ACTH 1 corticotrophs can be reproduced in vitro by cultivation of Rathke's pouch (RP) explants in close contact with infundibular tissue or with Sepharose beads soaked in FGF8 or FGF2 (Ericson et al., 1998 ). We therefore ®rst tested whether SU5402 could block the effect of FGF2 on the patterning of Isl1 1 /a GSU 1 and ACTH 1 cells in E10.0 RP explants cultured in vitro for 65 h.
When cultured alone E10.0 RP explants generated a large number of Isl1 1 /a GSU 1 cells (Fig. 1A,B) and 10±15% of the cells were ACTH 1 (Fig. 1C) . Under these conditions, FGF2 (6 nM) prevented the generation of Isl1 1 /a GSU 1 and ACTH 1 cells (Fig. 1D±F ) and maintained Rathke's pouch cells in a proliferative state (Ericson et al., 1998 ; data not shown). In the presence of FGF2 and SU5402 (10 mM), Isl1 1 /a GSU 1 cells (Fig. 1G ,H) and ACTH 1 cells (Fig.  1I ) appeared throughout the explants. The number of cells which incorporated BrdU was reduced ,3-fold compared to explants exposed to FGF2 alone (data not shown) which is consistent with the reduction in size of these explants (Fig.  1G±I) Fig. 1J±L ; Ericson et al., 1998) . The RP explants were also signi®cantly larger compared to control explants (Fig. 1J±L ) consistent with the ability of the infundibulum and FGF to maintain cells in a proliferative state (Ericson et al., 1998) . When RP and infundibulum explants were co-cultured in the presence of SU5402 (10 mM), Isl1 1 /a GSU 1 and ACTH 1 cells were detected throughout the explants, even in direct contact with cells of the infundibulum (Fig. 1M±O ). The RP tissue was also reduced in size (Fig. 1M±O) , indicating that the ability of the infundibulum to induce proliferation in RP cells was blocked by SU5402. Thus, the FGF receptor antagonist SU5402 is able to inhibit the proliferative and patterning activities of the infundibulum on cells in RP explants.
FGF signaling is required to establish a normal pattern of expression of transcription factors and of earlyappearing hormone producing cells in the anterior pituitary
BMPs expressed in the ventral region of the Rathke's pouch and by the ventral juxtapituitary mesenchyme (VJM) appear to confer ventral identity to Rathke's pouch cells (Ericson et al., 1998; Treier et al., 1998) . The combined actions of opposing FGF and BMP signals have therefore been suggested to impose the observed pattern of expression of transcription factors in progenitor cells in the anterior pituitary ( Fig. 2A±D ; Ericson et al., 1998; Treier et al., 1998) . By blocking FGF signaling with SU5402 the relative contribution of FGF signaling in this patterning process can be assessed.
We isolated explants from E10.5 embryos, when Bmp2 has started to be expressed in Rathke's pouch and VJM cells (Treier et al., 1998; Ericson et al., 1998) and down-regulation of Isl1 is in progress. These explants contained, in addition to Rathke's pouch, the surrounding mesenchyme, including the VJM expressing BMP2, and the overlying neuroectoderm including the presumptive infundibulum which expresses Fgf8 and Fgf18 (Ericson et al., 1998; Heikinheimo et al., 1994; Maruoka et al., 1998; Ohbayashi et al., 1998) . After 24 h of cultivation, control explants exhibited an expression pattern, of transcription factors in progenitor cells, similar to that observed in vivo (Fig. 2A±  D) . Expression of Nkx3.1 was restricted to dorsal cells adja- (E±H) Explants of E10.5 RP and associated tissues, including the infundibulum, ventral diencephalon and adjacent mesenchyme, cultured for 24 h. Nkx3.1 (E) is expressed in RP cells adjacent to the infundibulum, Lhx3 is uniformly expressed at high levels (F), Brn4 is expressed in the ventral two thirds of the RP tissue (G) and Msx1 is expressed in a dorsal low to ventral high gradient (H) (n 4). (I±L) In explants of E10.5 RP and associated tissues cultured in the presence of SU5402 (20 mM), no expression Nkx3.1 (I) is detected, Lhx3 is expressed at low levels (J), Brn4 is expressed throughout the RP tissue (K) and Msx1 is expressed at uniform levels (L) (n 5). D, ventral diencephalon; INF, infundibulum; M, surrounding mesenchyme; RP, Rathke's pouch. Scale bar shown in (L): 100 mm. cent to the infundibulum ( Fig. 2E ; Bieberich et al., 1996; Treier et al., 1998) , Lhx3 was expressed at high levels in cells throughout the anterior pituitary ( Fig. 2F ; Ericson et al., 1998; Sheng and Westphal, 1999; Zhadanov et al., 1995) , Brn4 expression was limited to cells in the ventral most two thirds of the anterior pituitary ( Fig. 2G ; Mathis et al., 1992; Treier et al., 1998) and expression of Msx1 was expressed in a ventral high to dorsal low gradient ( Fig. 2H ; Treier et al., 1998) . In the presence of SU5402 (20 mM), no expression of Nkx3.1 was detected (Fig. 2I ) and the level of expression of Lhx3 mRNA was severely reduced (Fig.  2J) . The expression domain of Brn4 was extended to encompass the extreme dorsal cells (Fig. 2K) , which normally express Nkx3.1 (Fig. 2A,E) . Moreover, the ventral to dorsal gradient of Msx1 expression was¯attened and Msx1 transcripts were more evenly distributed in cells of the anterior pituitary (Fig. 2L) . These results suggest that FGF signaling is in the presence of BMP signaling required to establish the normal pattern of expression of transcription factors in the anterior pituitary.
We next investigated whether the disruption of the dorsoventral pattern of expression of transcription factors in the anterior pituitary imposed by SU5402 under these conditions also affected the pattern of generation of differentiated cell types in the anterior pituitary. E10.5 RP explants with the surrounding VJM and the overlying neuroectoderm including the presumptive infundibulum were cultured for 65 h in either the absence or presence of SU5402 and the generation of Isl1 1 /a GSU 1 prospective thyrotrophs and ACTH 1 corticotrophs were monitored. In the absence of SU5402, cells in the ventral region expressed Isl1 and a GSU, indicative of prospective thyrotrophs (Fig. 3D,E) and a small number of ACTH 1 corticotrophs were detected adjacent to this group of cells (Fig. 3F) . The remaining cells in the intermediate and dorsal region of the anterior pituitary did not express any hormone markers. In the presence of SU5402 (20 mM), Isl1 was expressed by cells throughout most of the anterior pituitary (Fig. 3G) and Isl1 1 /aGSU 1 prospective thyrotrophs appeared in both ventral and intermediate regions and even in direct contact with the infundibulum (Fig. 3G,H) . A large increase in the number of ACTH 1 corticotrophs was observed and these cells were found scattered throughout the anterior pituitary (Fig. 3I) . Thus, attenuation of FGF signaling, in the presence of BMP signaling, causes ectopic differentiation of prospective thyrotrophs and of corticotrophs in more dorsal regions of the anterior pituitary. (Li et al., 1990) . These cells start to differentiate into caudomedial thyrotrophs, lactotrophs and somatotrophs between E14 and 16 (reviewed in when Fgf8 and Fgf18 expression is reduced or extinguished in the infundibulum and ventral diencephalon (data not shown). Moreover, transgenic overexpression of Fgf8 in the anterior pituitary suppressed the generation of gonadotrophs and Pit1 1 progenitor cells (Treier et al., 1998) . Thus, the generation of later appearing cell types in the anterior pituitary may require that Fgf expression in the infundibulum is down regulated.
To test this idea, explants of E11.5 dorsal anterior pituitary (dAP) were cultured for 7 days either alone or together with E11.5 infundibulum tissue. Explants cultured alone contained TSHb 1 thyrotrophs and prolactin 1 (PRL 1 ) lacto- trophs (Fig. 4B,C) (Fig. 4A) . When dAP explants were exposed to FGF2 (6 nM) or co-cultivated with infundibulum tissue, both the number of Pit1 1 cells and the level of Pit1 expression were reduced (Fig. 4D,G) and few cells initiated expression of TSHb (Fig. 4E,H) or PRL (Fig. 4F,I ). When dAP and infundibulum explants were co-cultured in the presence of 20 mM SU5402, a large number of Pit1 1 cells expressing high levels of Pit1 were observed (Fig. 4J ) and the number of TSHb 1 cells and PRL 1 cells was increased (Fig. 4K,L) . Thus, these results suggest that FGFs derived from the infundibulum may normally suppress the generation of Pit1-dependent cell types in the anterior pituitary.
Discussion
Previous data have suggested that secreted factors derived from the infundibulum contribute to the patterned generation of progenitor cells and hormone producing cell types in the anterior pituitary (Ericson et al., 1998; Treier et al., 1998) . Fgf8 and Fgf18 are expressed in the infundibulum and the rostral diencephalon and exposure of explants of the anterior pituitary to FGFs and ectopic transgenic expression of Fgf8 in the anterior pituitary can mimic, at least in part, the activities of the infundibulum (Ericson et al., 1998; Treier et al., 1998) . The requirement for FGF signaling in these processes has, however, not been established. By using explants of Rathke's pouch and SU5402, an inhibitor of FGF receptor signaling (Mohammadi et al., 1997; Muhr et al., 1999; Rodriguez Esteban et al., 1999; Schneider et al., 1999) , we now provide evidence that FGF signaling is required for the proliferation and the correct patterning and differentiation of the progenitor cells in the anterior pituitary.
FGF derived from the infundibulum is required for the patterning of progenitor cells in the anterior pituitary
The ordered spatial and temporal generation of hormone producing cell types in the anterior pituitary is preceded by the patterned expression of transcription factors in progenitor cells along the dorsoventral axis of the Rathke's pouch. At E9.5, Lhx3 and Nkx3.1 are uniformly expressed in the Rathke's pouch whereas by E12.5 Lhx3 is expressed in a dorsal high to ventral low gradient and Nkx3.1 is expressed only in the most dorsal domain of the anterior pituitary (Ericson et al., 1998; Treier et al., 1998) . Inhibition of FGF signaling by SU5402 reduced the level of Lhx3 expression, blocked completely the expression of Nkx3.1 and reduced signi®-cantly the number of proliferating cells in explants of Rathke's pouch. Thus, expression of Nkx3.1 appears to require high levels of FGF signaling, consistent with the expression of Nkx3.1 in the most dorsal region of Rathke's pouch adjacent to the infundibulum. Lhx3 is more widely expressed in the Rathke's pouch and low levels of Lhx3 expression is maintained in the presence of SU5402. The residual Lhx3 expression may indicate that signals other than FGF are involved in inducing or maintaining the expression of Lhx3. Nevertheless, these results provide evidence that FGFs derived from the infundibulum are required to induce and/or maintain the expression of transcription factors that are normally expressed in progenitor cells in the dorsal region of the anterior pituitary.
BMP4 derived from the infundibulum appears to be required for the induction of Isl1 in cells of Rathke's pouch (Takuma et al., 1998) and at E9.5±10.0 Isl1 is expressed in most or all cells in Rathke's pouch (Ericson et al., 1998) . When Bmp4 expression in the infundibulum declines, Isl1 is down-regulated in dorsal cells and by E11.5 Isl1 is only expressed in prospective thyrotrophs in the most Fig. 4 . FGF prevents the differentiation of Pit1 1 progenitors in explants of the dorsal anterior pituitary. (A±C) E11.5 dAP explants cultured alone for 7 days (n 8) contain many Pit1 1 cells (30^5% (A)) and many of these have initiated TSHb (5^2% (B)) or PRL (6%^3% (C)). (D±F) E11.5 dAP explants exposed to FGF2 (6 nM) (n 6), contain reduced numbers of Pit1 1 cells (15^2%) and Pit1 mRNA levels (D) and few cells initiate expression of TSHb ,1% (E)) or PRL ,1% (F)). (G±I) E11.5 dAP explants co-cultured with the infundibulum (n 6) contain reduced numbers of Pit1 1 cells (7^3%) expressing Pit1 at low levels (G) and no cells express TSHb (H) or PRL (I). (J±L) In dAP explants co-cultured with infundibular tissue in the presence of SU5402 (20 mM) (n 6), numerous Pit1 1 cells are detected (34^6% (J)) and many cells express TSHb (6^2% (K)) or PRL (15^3% (L)). Mean^SD. Scale bar shown in (L): 50 mm.
ventral region of the anterior pituitary (Ericson et al., 1998) . As Isl1 becomes down regulated from dorsal cells, expression of Bmp2 is initiated in the ventral Rathke's pouch and in the juxtaposed mesoderm (Treier et al., 1998; Ericson et al., 1998 ). BMP2 appears to maintain the expression of Isl1 (Ericson et al., 1998) and to stimulate the expression of Msx1 in the ventral Rathke's pouch (Treier et al., 1998) such that by E11.5 Isl1 is expressed in the ventral-most region and Msx1 in a ventral high to dorsal low gradient. Brn4 is at this stage expressed in the ventral two thirds of the anterior pituitary which suggests that Brn4 may also respond to BMP and FGF signaling. Our results provide evidence that FGFs suppress the expression of these transcription factors and in the presence of SU5402, Isl1 and Brn4 are expressed in dorsal regions of the anterior pituitary whereas Msx1 becomes expressed uniformly at high levels in the anterior pituitary. Thus, FGFs derived from the infundibulum appear also to be required to suppress the expression of ventrally restricted transcription factors in dorsal regions of the anterior pituitary.
FGFs and BMPs appear to act in an opposing manner on progenitor cells in Rathke's pouch and the uniform expression of Isl1, Msx1 and Brn4 in the absence of FGF signaling suggests that all or most cells in the Rathke's pouch are exposed to BMPs. Thus FGFs derived from the infundibulum may impose pattern on progenitor cells in the anterior pituitary in part by attenuating BMP signaling. It has been demonstrated that signaling through the receptor tyrosine kinase/MAP kinase pathway can inhibit BMP activity (Kretzschmar et al., 1997) , suggesting a possible mechanism by which FGF and BMP signals may converge.
By E13.5, Pit1 starts to be expressed in progenitor cells in the intermediate region of the anterior pituitary. Overexpression of BMP2/4 in the anterior pituitary prevents the initiation of Pit1 expression and ectopic expression of Fgf8 blocks expression of Pit1 and generates an increased number of hormone producing cell types which normally do not express Pit1 . Thus, these results indicate that FGFs may contribute to the speci®cation of the Pit1 independent progenitor cells in the anterior pituitary by suppressing the expression of Pit1. Our results provide evidence that both the infundibulum and FGF2 can suppress the expression of Pit1 in explants of the anterior pituitary and that SU5402 can block the inhibitory action of the infundibulum. Together these results suggest that FGFs derived from the infundibulum exert a negative control on the generation of Pit1 1 progenitor cells in the anterior pituitary.
FGF derived from the infundibulum controls the pattern of differentiation of hormone producing cells in the anterior pituitary
Our results provide evidence that FGF derived from the infundibulum is required and suf®cient for the down regulation of Isl1 in Rathke's pouch explants and thus for the conversion of thyrotroph progenitors to progenitor cells of more dorsal character. However, in the presence of BMP, FGF can not down regulate Isl1 expression but can still block onset of aGSU expression in cells in Rathke's pouch explants (Ericson et al., 1998) . Thus, both the speci®cation of thyrotroph progenitors and their subsequent differentiation is negatively regulated by FGF signaling.
In contrast, speci®cation of corticotroph progenitor cells appear to be insensitive to FGF signaling since transient transgenic expression of Fgf8 in the anterior pituitary appears to increase the number of differentiated corticotrophs and melanotrophs at the expense of the other differentiated cell types (Treier et al., 1998) . However, many proliferating Isl1 2 cells located adjacent to the infundibulum are speci®ed as corticotroph progenitors which differentiate when cultured in the absence of sources of FGF (Ericson et al., 1998) . Both the infundibulum and FGF can prevent the differentiation of dorsal progenitors into corticotrophs and SU5402 can overcome the inhibitory effect of the infundibulum. Thus, these results indicate that FGFs derived from the infundibulum are required to specify corticotroph progenitor cells and to spatially control their differentiation.
The ability of the infundibulum to suppress the generation of Pit1 1 progenitors and to prevent their differentiation was blocked by SU5402 which provides evidence that FGFs derived from the infundibulum contribute to the patterned appearance of caudomedial thyrotrophs and lactotrophs by exerting a negative control on the generation of Pit1 1 progenitor cells and on their differentiation.
Taken together, our results suggests that FGFs derived from the infundibulum are required to establish the dorsoventral pattern of progenitor cells in the anterior pituitary and to promote their proliferation. The temporal pattern of expression of FGFs in the infundibulum is also consistent with the idea that FGFs contribute to the temporal ventral to dorsal order of differentiation of progenitor cells in the anterior pituitary.
Experimental procedures
Animals
Embryos were collected from Cba/B6 mice. The day of the appearance of the vaginal plug was considered day 0.5 (E0.5). Somite number was used to determine developmental stages up to E11.5.
Isolation and cultivation of Rathke's pouch
Explants were isolated as previously described (Ericson et al., 1998) and cultured in OPTI-MEM containing N2 supplement (Gibco-BRL) and 10% KnockoutSR (Gibco-BRL). E10.0 Rathke's pouch tissue was isolated from 29± 32 somite embryos, prior to Isl1 down regulation, and E11.5 anterior pituitary tissue from 45 to 50 somite embryos using Dispase I (Boehringer Mannheim) (Yamada et al., 1993) . Infundibulum tissue was isolated from E11.5 embryos free from associated neuroectoderm and mesenchyme. E10.5 explants with associated neuroectoderm and mesenchyme were isolated from 35 to 40 somite embryos. FGF2 (R&D systems Inc.) were used at (5±24 nM) and SU5402 (Calbiochem Inc.) were used at 10±20 mM.
Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed as previously described (Yamada et al., 1991) . Isl1 was detected by using rabbit anti-Isl1 antibodies (Thor et al., 1991; Ericson et al., 1992) . Antiserum to a GSU, ACTH and TSHb were obtained from NHPP, NIDDK and Dr Parlow, and antiserum to PRL from DAKO. In situ hybridization was performed essentially as previously described (SchaerenWiemers and Ger®n-Moser, 1993) . Msx1, Brn4, Lhx3, Nkx3.1 and Pit1 cDNAs were cloned from E11.0 pituitaries using reverse transcriptase±polymerase chain reaction.
